Abstract. Previously we have shown that PDGF receptor mutants that do not bind PI-3 kinase internalize after ligand binding, but fail to downregulate and degrade. To define further the role of PI-3 kinase in trafficking processes in mammalian cells, we have investigated the effects of a potent inhibitor of PI-3 kinase activity, wortmannin. At nanomolar concentrations, wortmannin inhibited both the transfer of PDGF receptors from peripheral compartments to juxtanuclear vesicles, and their subsequent degradation. In contrast, the delivery of soluble phase markers to lysosomes, assessed by the accumulation of Lucifer yellow (LY) in perinuclear vesicles after 120 min of incubation, was not blocked by wortmannin. Furthermore, wortmannin did not affect the rate of transferrin uptake, and caused only a small decrease in its rate of recycling. Thus, the effects of wortmannin on PDGFr trafficking are much more pronounced than its effects on other endocytic events. Unexpectedly, wortmannin also caused a striking effect on the morphology of endosomal compartments, marked by tubulation and enlargement of endosomes containing transferrin or LY. This effect was somewhat similar to that produced by brefeldin A, and was also blocked by pre-treatment of cells with aluminum fluoride (A1F4-). These results suggest two sites in the endocytic pathway where PI-3 kinase activity may be required: (a) to sort PDGF receptors from peripheral compartments to the lysosomal degradative pathway; and (b) to regulate the structure of endosomes containing lysosomally directed and recycling molecules. This latter function could be mediated through the activation of A1F4--sensitive GTPbinding proteins downstream of PI-3 kinase. p l-3 kinase was first discovered as an activity in immunoprecipitates of receptor and nonreceptor tyrosine kinases that phosphorylated the 3' position of the inositol ring in Pins, Plns(4)P, and Plns(4,5)P2 (37). The association of this lipid kinase activity with receptors that stimulate cellular growth suggested a role for PI-3 kinase in mitogenic signaling (3). More recently, the existence of several biochemically distinct PI-3 kinases in mammalian cells has been reported (32, 33), and PI-3 kinase activity has been implicated in numerous cellular processes including membrane ruffling, chemotaxis, trafficking of membrane proteins, and activation of kinases such as protein kinase C (reviewed in reference 19). Thus, PI-3 kinases in mammalian cells have emerged as a diverse family of proteins that are likely to be involved in multiple essential cellular processes.
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In yeast, deletions or mutations in the VPS34 gene, which encodes for the only detectable PI-3 kinase activity
Here we show a comparative analysis of the effects of wortmannin on the trafficking of three markers of the endocytic pathway: transferrin, which internalizes and recycles through a well-characterized pathway involving sorting and recycling endosomes (15, 22) , Lucifer yellow (LY), 1 a fluid phase marker which traffics to the lysosomal pathway, and the PDGF receptor (PDGFr), a transmembrane protein which normally does not recycle, but is instead delivered to the lysosome for degradation. The resuits presented here support the hypothesis that PI-3 kinase plays a critical role in the sorting of the PDGFr tyrosine kinase to the lysosomal pathway. Moreover, an unexpected role for PI-3 kinase in the control of membrane organelle structure is suggested by a dramatic effect of wortmannin on the morphology of endocytic organelles.
Materials and Methods

Cells
Human HepG2 cells transfected with human 13-PDGF receptors (36) , HeLa cells, and COS-7 cells were grown on glass coverslips or on 60 mm dishes to 80% confluence in DME supplemented with fetal calf serum (10%) (Upstate Biotechnology, Inc., Lake Placid, NY). In experiments involving fluid phase or transferrin uptake, cells were serum deprived for 2 or 18 h with no detectable difference in the results obtained. For experiments in which PDGFr internalization was analyzed, cells were serum starved for 18 h,
Immunofluorescence
Cells were incubated at 37°C with PDGF-BB (20-50 ng/ml) (Upstate Biotechnology, Inc.) for the times indicated in each experiment. Cells were rapidly washed twice in ice-cold PBS, and fixed in 4% formaldehyde for 15 min at room temperature. Cells were washed four times with PBS, and permeabilized by immersion in methanol at -20°C for 6 rain. Coverslips were briefly air dried, and stained with a monoclonal antibody raised against the receptor extracellular domain (PDGFR2; Oncogene Sciences, Mineola, NY), and goat antibodies to mouse IgG coupled to FITC or Rhodamine (Tago, Inc., Burlingame, CA). The fluid phase pathway was visualized by incubating cells with Lucifer yellow (5 mg/ml in DME) (Molecular Probes, Eugene, OR) for the times indicated. Cells were then fixed and permeabilized as described above, and the LY signal was enhanced by staining with an anti-LY polyclonal antibody (Molecular Probes) and goat antibodies to rabbit IgG coupled to FITC. The transferrin pathway was visualized by incubation of cells with Texas red-labeled transferrin (1 p.g/ml in DME) (Molecular Probes), for the times indicated in each experiment, followed by fixation in 4 % formaldehyde for 15 rain at room temperature. Staining for 13COP and clathrin was done using rabbit antisera raised against 13COP (kindly provided by Dr. R. Klausner, NICHD, Bethesda, MD) or antisera raised against the COOH-terminal 15 amino acids of the clathrin heavy chain (18) . Cells were mounted and visualized on a Zeiss IM-35 microscope, using a Nikon Apo 100/1.3 oil immersion lens. Data were recorded using a charge-coupled device (CCD) camera (Photometrics Ltd., Tucson, AZ) and visualized on a Silicon Graphics 4D/240 GTX. Where indicated, images were optically sectioned using digital imaging microscopy and a deconvolution algorithm that reverses the blurring introduced by the microscope optics (4) . In these experiments, 20--30 serial two-dimensional images were recorded at 0.25-ram intervals using a thermoelectrically cooled CCD camera (Photometrics Ltd.). Each image was corrected for lamp intensity variations and photobleaching. Blurring of fluorescence from regions above and below the plane of focus was reversed using an iterative deconvolution algorithm based on the theory of illposed problems (4).
Transferrin Uptake and Recycling
125I-transferrin (31,000 cprn/l~g) was prepared using 10 i~g diferric trans-
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BFA, brefeldin A; LY, Lucifer yellow; PDGFr, PDGF receptor; Tf, transferrin; TR, Texas red. ferrin (Boehringer-Mannheim Biochemicals, Indianapolis, IN) and Bolton Hunter reagent (Amersham, Arlington Heights, IL). To measure the rate of transferrin uptake, ceils were grown to 80% confluence in 24-well multiwell dishes. Endogenous transferrin was removed by two sequential 40-min incubations in serum-free DME. Ceils were then incubated in 500 p,1 of DME containing 0.2 ixg/ml 125I-transferrin for the times indicated. Ceils were washed four times in 1 ml of ice-cold PBS, and solubilized in 0.1% SDS. Radioactivity in the lysates was measured by gamma counting. Nonspecific uptake was determined in incubations containing nonlabeled transferrin (10 ~g/ml). For the measurement of transferrin recycling, cells were incubated with 0.2 p,g/ml ~2~I-transferrin for 60 min, and washed four times in ice-cold PBS. Recycling was initiated by adding DME at 37°C containing nonlabeled transferrin (10 /~g/ml). At the times indicated monolayers were washed four times with 1 ml of ice-cold PBS, and solubilized in 0.1% SDS. Radioactivity in the lysates was measured by gamma counting.
Measurement of Phosphoinositide Levels
Cells were grown in 100 mm dishes to 70-80% confluency, and labeled by incubation for 3 h at 37°C in Krebs-Ringer/Hepes buffer containing 2 mM sodium pyruvate, 2% BSA and 0.5 mCi/ml of [32p]orthophosphate (New England Nuclear, Boston, MA). Cell monolayers were washed three times with ice-cold PBS, and rapidly scraped into 750 ~1 of MeOH/1 M HC1 (1:1). Lipids were extracted with 400 Ixl of CHC13, deacylated, and analyzed by HPLC as described (1) .
Receptor Degradation
Cells were grown to 80% confluence in 60 mm culture dishes, and incubated for 18 h in serum-free, methionine-free DME containing [35S]methionine (100 p.Ci/ml; Amersham) plus bovine serum albumin (1%), and then for 45 rain in DME containing bovine serum albumin (1%) and methionine (0.3 mg/ml; DME-BSA). Cells were then incubated without or with PDGF-BB (50 ng/ml) (Upstate Biotechnology, Inc.) for 2 h. Where indicated, wortmannin, brefeldin A (BFA), or a mixture of both toxins was added 10 rain before addition of PDGF. Cells were washed twice in ice-cold PBS, and lysed in 800 Ixl of a buffer containing 20 mM Tris (pH 8.0), 150 mM sodium chloride, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM phenyl-methyl-sulfonyl fluoride, 1 mM benzamidine, 1 mM 1,10 phenanthroline, 10 l~g/ml leupeptin, and 1 mM sodium vanadate (Sigma Chemical Co.). Receptors were immunoprecipitated with a polyclonal antibody to ct-and 13-PDGF receptors (Upstate Biotechnology, Inc.), resolved on 7.5% polyacrylamide gels, transferred to nitrocellulose, and exposed to autoradiographic film for 48 h.
Effects of Wortmannin and BFA
Wortmannin (Sigma Chemical Co.) was dissolved in DMSO to a final concentration of 10 mM, dispensed into 5-1xl aliquots and stored at -80°C. Wortmannin aliquots were thawed and diluted 1:1,000 in ice-cold PBS to a final concentration of 10 p,M. Aliquots from this diluted stock were added directly to the cells to achieve the final concentrations indicated in each experiment. Because wortmannin is photosensitive and unstable in aqueous solutions, it was routinely thawed, diluted, and added to cells within 10 rain. Thawed aliquots were discarded. BFA (Sigma Chemical Co.) was dissolved in ethanol to a final concentration of 50 raM. Aliquots from this stock were added directly to the cells to achieve the final concentration indicated in each experiment.
Results
Pathway of Internalization of Wild-type and Mutant PDGF Receptors
Previously we have found that PDGFr containing mutations which specifically impair PI-3 kinase binding can internalize, but fail to undergo down-regulation and degradation in response to PDGF (17) . To better define the steps after internalization where PI-3 kinase is required for PDGFr down-regulation, we initiated studies to define the trafficking pathway of PDGFr from the cell surface to lysosomes. The intracellular localization of both wild-type Figure 1 . Internalization of PDGF receptors and LY. Cells were simultaneously exposed to PDGF (20 ng/ml) and to LY (5 mg/ ml). After the indicated times of incubation at 37°C, cells were fixed, permeabilized, and stained for LY (bottom) and PDGF receptors (top) using specific polyclonal and monoclonal antibodies, respectively. Secondary antibodies labeled with FITC or rhodamine were used to detect the polyclonal or monoclonal antisera, respectively. Arrowheads point to vesicular structures labeled both with LY and PDGFr. Bars, 10 ~m. HepG2 cells expressing wild-type receptors were exposed to PDGF and either LY (Fig. 1) or Tf ( Fig. 2) at 37°C for the times indicated. Cells were fixed and processed for immunofluorescence as described in Materials and Methods. As early as 10 rain after exposure of cells to PDGF, some colocalization of PDGFr and LY could be detected ( Fig. 1, left) . After 30 min, the PDGFr was found in larger, more perinuclear vesicles, and the co-localization with the fluid phase marker was very pronounced (Fig. 1, middle) . After 120 min, much of the receptor signal disappeared due to lysosomal degradation, whereas the pericentriolar LY staining remained very intense ( Fig. 1, 
right).
In contrast, at this level of resolution, a precise co-localization between the PDGFr and transferrin could not be detected at any time (Fig. 2) . After 20-30 min of internalization, both PDGFr and transferrin were concentrated in a perinuclear region (Fig. 2 , middle and right). However, transferrin was localized in more diffuse tubulo-vesicular structures which were clearly distinct from the larger vesicles containing PDGFr. These tubulo-vesicular elements probably correspond to the recycling endosome (15, 22) . These results suggest that wild-type PDGFr molecules are sorted from recycling molecules relatively quickly (0-30 min) after internalization, but continue to co-localize with lysosomally destined fluid-phase markers (Fig. 1) .
In marked contrast to the wild-type receptor, mutant receptors which lack PI-3 kinase binding sites (F40/51) remained at the cell periphery even after 30-90 min of incu- Cells were simultaneously exposed to PDGF (20 ng/ml) and Texas red-labeled transferrin (5 p~g/ml). After the indicated times of incubation at 37°C, cells were washed, fixed, and stained with anti-PDGF receptor monoclonal antibodies, and FITC-coupied anti-mouse secondary antibodies. Despite the appearance of both transferrin and PDGF receptors in the same general vicinity (arrows), no precise co-localization was observed. Bars, 10 p,m.
bation with PDGF ( Fig. 3) . These receptors were visualized in diffuse, peripheral structures, close to the plasma membrane (Fig. 3, top) . In contrast to wild-type receptors ( Fig. 1 ) the F40/51 mutant displayed little co-localization with LY ( Fig. 3, left) . Interestingly, although the F40/51 mutant recycles to the cell surface after internalization (17), the mutant displayed little co-localization with the pericentriolar transferrin (Fig. 3, right) , suggesting that the recycling of PDGFr mutants to the cell surface takes place through a pathway that does not involve the transferrin recycling compartment. The peripheral localization of the receptor mutants, and their failure to co-localize with the bulk of the LY or Tf signals, suggest that receptors impaired in PI-3 kinase binding are arrested in their trafficking at an early step after endocytosis.
Effects of Wortmannin on P D G F Receptor and L Y Trafficking
To test further whether the differences between the trafficking pathways of wild-type and mutant PDGFr were due to differences in PI-3 kinase catalytic activity associated with the receptor cytoplasmic domain, we analyzed the effects of wortmannin, a potent and specific inhibitor of PI-3 kinase. Cells were incubated without or with wortmannin (50 riM) for 15 min, and then exposed to PDGF and LY. After 30 min of exposure of wortmannin-treated cells to PDGF, the receptor was found in a diffuse, peripheral localization (Fig. 4, top right) , which contrasted markedly with the vesicular, pericentriolar localization of receptors in nontreated cells (Fig. 4, top left) . Furthermore, the marked co-localization of PDGFr with LY (Fig. 4 , top and bottom left) was lost in wortmannin-treated cells ( binding (Fig. 3) , and suggest that PI-3 kinase catalytic activity is required for P D G F r sorting from a specific peripheral compartment to later steps in the lysosomal pathway.
An unexpected finding in these studies was that, in addition to causing a retention of P D G F r in a peripheral compartment, treatment of cells with wortmannin caused a pronounced change in the morphology of endosomes containing LY (Fig. 4, bottom right) . This morphological change consisted in the appearance of a tubulated network, which in many cells almost completely replaced the vesicular structures containing LY. In addition to the appearance of interconnected tubules, the amount of LY in wortmannin-treated cells appeared to be higher than that in untreated cells at early time points (Fig. 5, bottom) .
These alterations, however, did not appear to block the trafficking of LY to lysosomes, as a marked accumulation wortmannin (50 nM) for 10 min, and then exposed to PDGF and LY for 30 min. Cells were fixed, and internalized molecules visualized as described in Figs. 1 and 2 . Note the precise co-localization of PDGFr and LY in the left panels (arrowheads), which is not apparent in wortmannin-treated cells in the right panels (arrowheads), and the appearance of interconnected tubules containing LY in response to wortmannin (bottom right).
of the marker in large perinuclear vesicles was clearly visible after 120 min of incubation (Fig. 5, extreme right) .
Effects of Wortmannin on the Transferrin Internalization Pathway
To determine whether the morphological effect of wortmannin was restricted to endosomes labeled by LY, we analyzed the effects of the toxin on the transferrin pathway. Analysis of endosomes containing Texas red (TR)-transferfin in HepG2 cells, monkey COS-7 cells, and human Hela cells also revealed a pronounced effect of wortmannin on endosome morphology (Fig. 6) . In nontreated cells T Rtransferrin was distributed throughout the cell in a distinct punctate pattern, with an area of concentration in the juxtanuclear region which represents the recycling endosome (15, 22) . In cells treated with wortmannin a striking increase in size, and decrease in number, of endosomes was observed (Fig. 6, broken arrow) . Also apparent in many cells was the presence of fine tubules elongated from these enlarged endosomes (Fig. 6, arrows) . The effect of wortmannin was observed at concentrations as low as 10 nM, and was maximal at 50 nM (not illustrated).
The effect of wortmannin occurred very rapidly, being detectable as early as 5 min after exposure of cells to the toxin (Fig. 7) . After 20 min, a virtually complete transformation of endosomes containing transferrin (Fig. 7) or LY Figure 5 . Effects of wortmannin on the internalization of LY. Cells were incubated without (control) or with (WTM) wortmannin (50 riM) for 10 rain, and exposed to LY for the times shown. Cells were fixed and LY visualized as described in Fig. 1 . Arrowheads are aligned along extended tubules, and arrows point to juxtanuclear vesicular structures apparent at later time points.
(not shown) into an interconnected tubular network was apparent in many cells. To determine whether the morphological changes induced by wortmannin would result in functional alterations in trafficking, we measured the rates of uptake and recycling of 125I-transferrin (Fig. 8) . Treatment of cells with wortmannin had no detectable effect on the rate of accumulation of 125I-transferrin (Fig. 8, left) . However, the rate of recycling was altered by wortmannin (Fig. 8, right) . Whereas the rate of transferrin recycling measured in the first 10 rain of the release assay appeared unaltered by wortmannin, the amount of transferrin released subsequent to 10 min appeared to be decreased by 30-40% in wortmannin-treated cells. After 40-50 min, however, all labeled transferrin was released from both untreated and wortmannin-treated cells. These results suggest that release of transferrin out of a specific compartment in the recycling pathway is slowed by wortmannin.
Because the rates of transferrin and lipid recycling are similar (22) , a decrease in transferrin recycling may reflect a general decrease in the rate of membrane flow out of early or recycling endosomes in response to wortmannin. This decrease could lead to the increased accumulation of LY and to the apparent enlargement of endosomes containing transferrin observed after treatment with the toxin (Figs. 5-7) .
The inhibition of P D G F r trafficking and the changes in organelle morphology produced by wortmannin suggest that PI-3 kinase activity is required for at least two processes in the endocytic pathway: (a) to sort P D G F r out of a peripheral, postendocytic compartment into later steps in the endocytic pathway; and (b) to regulate both the kinetics of membrane flow and the morphology of endosomes containing lysosomally directed and recycling molecules. Figure 6 . Effects of wortmannin on endosomes containing transferrin. HepG2, COS-7, and HeLa cells were incubated with Texas red-transferrin (5 p.g/ml) for 30 min at 37°C. Wortmannin (bottom) was added to the medium to achieve a final concentration of 50 nM, and incubations were continued for a further 20 min. Cells were washed twice in ice-cold PBS, fixed in 4% formaldehyde, and visualized. Images comprise an individual optical section from the middle of the cell after restoration, as described in Materials and Methods. Arrowheads and arrows point to enlarged endosomes and tubulated structures found in wortmannin-treated cells. Bars, 10 ~m. 
Effects of Wortmannin on Endogenous Phosphoinositide Levels
A n important question raised by these findings is whether specific phosphoinositide products of PI-3 kinases are involved in mediating both receptor sorting and organelle morphology in the endocytic pathway. To begin to address this question, we measured the levels of endogenous phosphoinositides in cells grown and treated exactly as described in the experiment shown in Fig. 7 . Under these conditions, cells are exponentially growing, and are deprived of serum for only 2-3 h. The levels of endogenous Table I . The most abundant 3'-phosphoinositide was Plns(3)P, which comprised ~75 % of the total pool of 3'-phosphoinositides. Within 5 min of exposure of cells to 50 nM wortmannin, the levels of Plns(3)P decreased by 70%, but remained unchanged thereafter. In contrast, the levels of Plns(3,4,5)P3 decreased by 50% after 5 min of exposure to wortmannin, and were undetectable after 10 min of incubation with the toxin. Interestingly, the levels of Plns(3,4)P2 did not decrease in response to wortmannin. These results suggest that under conditions of exponential growth, 30% of cellular Plns(3)P, and most of the cellular pool of Plns(3,4)P2 are generated by wortmannin-insensitive PI-3 kinase/s.
Similarities and Differences between the Effects of Wortmannin and BFA
The tubutation of endosomes caused by wortmannin was reminiscent of the extensively reported effect of B F A (21, 38) , which causes the extension of long, interconnected tu- Exponentially growing cells were labeled with [32p]orthophosphate for 2 h as described in Materials and Methods, and treated with wortmannin (50 nM) for the times indicated. Monolayers were then scraped off the culture dishes, and lipids extracted, deacylated and separated by HPLC as described (1) . The radioactivity in each deacylation product was expressed as total cpndpeak. The experiment was repeated twice with indentical qualitative results. Shown are the averaged raw values from these two independent experiments, which varied by ~20%.
bules from endocytic and secretory organelles. The mechanism whereby BFA elicits these morphological changes has been partially elucidated, and appears to involve an inhibition of cytosolic-coat assembly. We reasoned that a comparison of the effects of wortmannin and BFA on endocytic organelle structure and function might suggest mechanisms whereby wortmannin, and thus PI-3 kinase, function in the endocytic pathway. Therefore, we compared the effects of these toxins on cytosolic-coat protein assembly (Fig. 9) , PDGFr trafficking (see Figs. 10 and 11) , and endosome morphology (see Figs. 12 and 13 ).
To determine whether wortmannin, like BFA, would affect the assembly of known cytosolic coats, the distribution of [3COP, clathrin, and ~/-adaptin were compared (Fig. 9) . BFA blocked the assembly of coatomer, as evidenced by the change in the distribution of 13COP from a tightly concentrated juxtanuclear structure to a disperse distribution (Fig. 9, middle) . BFA also blocked the assembly of ~/-adaptin at the TGN (29), as evidenced by the loss of ~/-adaptin and clathrin staining in a distinctly concentrated area next to the nucleus (Fig. 9, bottom and top) . In contrast, wortmannin had no detectable effects on the distribution of clathrin, 13COP, or "v-adaptin (Fig. 9 , compare columns C and WTM). Similar results were observed at concentrations of wortmannin up to 500 nM (not shown). These results indicate that unlike BFA, wortmannin does not inhibit the assembly of cytosolic coats in the secretory pathway. In addition, wortmannin had no effect on the ability of BFA to cause disassembly of coat components (not shown). Thus, the effects of wortmannin appear to be restricted to the endocytic pathway. One possible reason for this selectivity could be the presence, in the secretory pathway, of specific PI-3 kinase isoforms that are less sensitive to inhibition by wortmannin (reference 32; and Table I ).
The effects of BFA and wortmannin on the subcellular localization and degradation of PDGFr were compared (Fig. 10) . Cells were left untreated (Fig. 10, top left and  right) or treated for 10 min with wortmannin (bottom left) or BFA (bottom right) and then exposed to PDGF (top right and bottom) for 60 min (Fig. 10) . Both in the presence or absence of BFA receptors moved from the cell surface to large juxtanuclear vesicles (Fig. 10, right) . Some tubulated structures containing PDGFr could be detected in BFA:treated cells (Fig. 10, bottom right) , suggesting that, like other markers of the lysosomal pathway (39) PDGFr can exit the tubulated endosomal system induced by BFA. In contrast, in cells treated with wortmannin the movement of receptors from peripheral structures into pericentriolar vesicles was blocked (Fig. 10, bottom left) .
Addition of both toxins together blocked PDGFr movement to pericentriolar vesicles, indicating that BFA does not reverse the inhibitory effects of wortmannin on receptor trafficking (not shown). Furthermore, BFA had no significant effect on PDGF-indueed receptor degradation (Fig. 11, BFA) , whereas wortmannin fully inhibited this process (Fig. 11, WTM) . Taken together, the results shown in Figs. 11 and 12 indicate that the alterations of organelle structure induced by BFA do not per se block PDGFr trafficking. Furthermore, these results suggest that the effects of wortmannin on organelle structure and PDGFr trafficking are independent.
The results shown above indicate two important differences between the effects of wortmannin and BFA; the effects of the former appear to be restricted to the endocytic pathway, and they also include an inhibition of PDGFr sorting probably resulting from inhibition of PI-3 kinase activity bound to the PDGFr cytoplasmic domain. Nevertheless, both wortmannin and BFA cause tubulation of or- later steps in the lysosomal degradative pathway. This arrest in trafficking is also observed when P D G F r mutants impaired in PI-3 kinase binding are analyzed. Thus, it appears likely that the association of PI-3 kinase activity with the P D G F r cytoplasmic domain is necessary for its transit from a peripheral, early endocytic compartment into the lysosomal degradative pathway. Second, wortmannin causes a dramatic alteration in the morphology of endosomal elements containing transferrin and fluid phase markers. This latter effect is similar to that induced by the fungal toxin ganelles in the endocytic pathway. The effects of B F A have been shown to be blocked by ALF4-, which inhibits the hydrolysis of GTP bound to A R F proteins, and results in a persistent activation of A R F and a concomitant stabilization of cytosolic coats on membranes (9, 21) . To determine whether similar mechanisms might be involved in the effects of wortmannin and B F A on organelle morphology, we compared their sensitivity to ALF4-.
Within 10 min of exposure of H e p G 2 cells to wortmannin or B F A , tubules containing transferrin could be observed (Fig. 12, arrowheads) . The tubulated pattern induced by wortmannin was different from that of B F A in that condensation of endosomes was more pronounced, and tubules appeared to be shorter than those induced by BFA. However, the effects of both wortmannin and B F A were similarly blocked by pre-treatment of cells with ALF4-(30 m M N a F + 50 IxM AICI3). Similarly, the effect of wortmannin on endosomes containing LY was completely blocked by pre-treatment with A L F 4 - (Fig. 13) .
Discussion
In this paper we have shown that wortmannin causes two distinguishable effects on trafficking in the endocytic pathway in mammalian cells. First, it appears to block the transit of activated P D G F r from a peripheral compartment to 
Points in the Endocytic Pathway Where PI-3 Kinase Is Required for PDGFr Trafficking
The high degree of co-localization of PDGFr and LY, and low degree of co-localization with transferrin shown in this study ( Figs. 1 and 2 ) suggest that both PDGFr and fluidphase molecules enter the sorting endosome, and are sorted together from recycling molecules. The mechanisms whereby activated wild-type PDGFr segregate from recycling molecules and maintain a co-localization with fluid phase markers is not known, but might involve its retention in the vesicular portion of the sorting endosome (10, 11, 22) . Interestingly, however, in contrast to wildtype PDGFr, F40/51 mutant PDGFr remained dispersed in small structures at the cell periphery, and displayed little co-localization either with LY or with transferrin, which localized in more pericentriolar regions. Similarly, in cells treated with wortmannin wild-type PDGFr maintained a peripheral distribution, and lost the pronounced co-localization with LY observed in nontreated cells (Fig.  4) . These results suggest that in the absence of PI-3 kinase activity, PDGFr trafficking is arrested at a very early step after internalization, before reaching the sorting endosome. The nature of the peripheral structures where PDGFr are arrested in the absence of PI-3 kinase is not known, but these structures did not display tubulation and enlargement in response to wortmannin (not shown), suggesting they are physically separate and functionally different from endosomes containing transferrin or Lucifer yellow, which tubulate in response to wortmannin. The results also support the hypothesis that the effect of wortmannin to block PDGFr sorting is independent of its effect on the structure of endosomes containing transferrin or LY.
Potential Mechanisms Involved in the Effects of Wortmannin on Organelle Morphology
As with any other study involving the use of inhibitors, the possibility exists that this toxin may have direct targets other than PI-3 kinase. In our studies, we observed a close temporal correlation between the effects of wortmannin to decrease the endogenous levels of Plns(3)P (Table I) and to cause changes in organelle morphology (Fig. 7) , as well as an identical dose-dependency for these effects (not illustrated). Wortmannin had no effect on the levels of Plns(4)P or Plns(4,5)P2, and at the concentrations used in these studies, wortmannin is not known to directly inhibit other protein or lipid kinases. Thus, the results presented here suggest, although they do not prove, that the effects of wortmannin on organelle morphology are indeed due to its inhibitory effect on PI-3 kinase activity.
Mammalian PI-3 kinases catalyze the formation of Plns(3)P, Plns(3,4)P2, and Plns(3,4,5)P3, but the specific physiological functions of each of these lipids are unknown. In our studies, low concentrations of wortmannin caused a rapid and pronounced decrease in endogenous Plns(3)P under conditions of exponential growth. A similar decrease in Plns(3)P occurs under conditions of serum starvation (Duckworth, B., and L. Cantley, unpublished results). Importantly, the effects of wortmannin on organelle structure are evident both in exponentially growing (Figs. 6 and 7) and in serum-deprived cells (Fig. 4 and data not shown). Because Plns(3)P is the only lipid detectable under both of these conditions (Table I ; and reference 1), and it decreases in response to wortmannin with a time course that closely parallels the appearance of alterations in endosome morphology (compare Table I and Fig.  7) , it is likely that PI-3 P is the lipid product of PI-3 kinase involved in the control of organelle structure.
PDGF internalization into the lysosomal pathway, which is analyzed in serum-starved cells, is closely paralleled by the appearance of Plns(3,4)P2 and Plns(3,4,5)P3, without a detectable increase in Plns(3)P (1). The appearance of both of Plns(3,4)P2 and Plns(3,4,5)P3 in response to PDGF is thought to result from the recruitment and stimulation of the pl10/p85 PI-3 kinase isoform to the PDGF receptor cytoplasmic domain. This PI-3 kinase isoform is acutely sensitive to wortmannin, and in fact the PDGFinduced production of Plns(3,4)P2 and Plns(3,4,5)P3 is completely inhibited by wortmannin (Duckworth, B., and L. Cantley, personal communication). Thus, either or both PIns(3,4)P2 and Plns(3,4,5)P3 could be involved in PDGFr sorting to the lysosomal pathway.
The similarity between the effects of wortmannin and BFA, consisting mainly in the formation of interconnected tubular networks (Figs. 6 and 7 and references 21 and 38), suggests that both toxins mayaffect similar targets. The targets of BFA appear to include activities that affect the exchange of GDP for GTP on ARF1, and thus the activation state of this protein (8, 12) . Downstream cellular responses that are influenced by ARF1 are the binding of cytosolic--coat proteins like coatomer (20, 26) and ~/-adaptin (29) , as well as the activity of phospholipase-D (2, 6). It is thought that the changes in organeUe morphology elicited by BFA result from the impaired binding of cytosolic-coat proteins. Although no specific cytosolic-coat proteins have been identified in endocytic vesicles, the phenotypic responses of these vesicles suggest that such endocytic cytosolic coats exist. Furthermore, isoforms of ARF or ARF-related GTP-binding proteins in the endoeytic pathway may fulfill a function similar to that of ARF1 (7, 27, 30, 35) .
The effects of wortmannin on endosomes suggest that this toxin may affect the assembly of cytosolic-coat components in the endocytic pathway. Furthermore, the findings that AIF 4-blocks these effects (Figs. 12 and 13) is consistent with the hypothesis that ALFa--sensitive GTP binding proteins operate in the endocytic pathway, and that these may be regulated by Plns(3)P (Fig. 14) . A role for phospholipids in the regulation of the activity of GTPases is consistent with recent reports which indicate a marked dependency on phosphoinositides for ARF1 exchange and GAP activities (34, 28) .
An important difference between the effects of BFA and wortmannin is the specificity of wortmannin for organelles in the endocytic pathway. 
GTP
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Pins Figure 14 . Potential targets for PI-3 kinase. Cytosolic coat-protein assembly on membranes is triggered by the activation of ARF GTPases by factors that catalyze nucleotide exchange. In our model, these factors are activated by PI-3 kinase products, for example Plns(3)P. The inhibition of PI-3 kinase activity by wortmannin results in a decrease in 3'-phosphoinositides, and thus to inhibition of nucleotide exchange. The process of nucleotide exchange is directly inhibited by BFA. The specificity of wortmannin for the endocytic pathway may result from the presence of PI-3 kinase activities that are less sensitive to the toxin which may be localized to the Golgi apparatus and other organeUes in the secretory pathway.
of organelles both in the secretory and endocytic pathways, and the former effect is accompanied by inactivation of ARF1 and disassembly of Golgi-specific coats. The specificity of wortmannin for the endocytic pathway does not rule out the possibility that PI-3 kinase may operate both in the secretory and endocytic pathways to regulate coat assembly, as proposed in Fig. 14 , because wortmannin does not completely deplete the endogenous levels of 3'-phosphoinositides. Table I indicates that a significant level of PIns(3)P remains in cells after treatment with wortmannin. This may represent the product of PI-3 kinases that are less sensitive to wortmannin, which have been previously described (32, 33) , and which may be localized to the Golgi apparatus and/or other organelles in the secretory pathway. In summary, the results shown here suggest that mammalian PI-3 kinases function at at least two steps in the endocytic pathway. First, PI-3 kinase activity appears to be required for the exit of internalized PDGFr from an early endocytic intermediate to sorting endosomes and later steps in the lysosomal degradative pathway. This process may require the localized synthesis of higher phosphorylated lipids Plns(3,4)P2 and Pins (3,4,5)P3, which appear upon association of the p85/p110 PI-3 kinase with the cytoplasmic domain of the PDGF receptor (1) . A second, independent role of PI-3 kinase may be in maintaining the vesicular morphology of endosomes. It is likely that this function requires Plns(3)P, which is the most abundant 3' phosphoinositide incells, and is present both in exponentially growing and serum-deprived cells. Because it is likely that the maintenance of vesicular organelle morphology requires cytosolic-coat proteins and the activity of specific small GTP-binding proteins, our results suggest that downstream targets of PI-3 kinase products may include such cellular components.
